Adult brain connectivity is shaped by the balance of sensory inputs in early life. In the case of pain pathways, it is less clear whether nociceptive inputs in infancy can have a lasting influence upon central pain processing and adult pain sensitivity. Here, we show that adult pain responses in the rat are 'primed' by tissue injury in the neonatal period. Rats that experience hind-paw incision injury at 3 days of age, display an increased magnitude and duration of hyperalgesia following incision in adulthood when compared with those with no early life pain experience. This priming of spinal reflex sensitivity was measured by both reductions in behavioural withdrawal thresholds and increased flexor muscle electromyographic responses to graded suprathreshold hind-paw stimuli in the 4 weeks following adult incision. Prior neonatal injury also 'primed' the spinal microglial response to adult injury, resulting in an increased intensity, spatial distribution and duration of ionized calcium-binding adaptor molecule-1-positive microglial reactivity in the dorsal horn. Intrathecal minocycline at the time of adult injury selectively prevented both the hyperalgesia and early microglial reactivity associated with prior neonatal injury. The enhanced neuroimmune response seen in neonatally primed animals could also be demonstrated in the absence of peripheral tissue injury by direct electrical stimulation of tibial nerve fibres, confirming that centrally mediated mechanisms contribute to these long-term effects. These data suggest that early life injury may predispose individuals to enhanced sensitivity to painful events.
Introduction
Sensory information in early childhood provides an important component for wiring the brain during development, and there are critical periods when changing levels of neural activity can alter normal development (Hensch, 2004) . While this concept is well established in the visual (Bourne, 2010) and auditory systems (Sanes and Bao, 2009) , evidence also suggests that early sensory experience can influence the development of nociceptive pathways (Beggs et al., 2002; Ren et al., 2004; Granmo et al., 2008) . Neonates who require intensive care and/or surgery, particularly those born preterm, are subject to diverse alterations in sensory input during early development. Follow-up studies in preterm born cohorts confirm alterations in both structural brain development (Woodward et al., 2006; Tich et al., 2011) and in functional neurodevelopmental outcomes in later life, which are influenced by both the timing (Marlow et al., 2005; Johnson et al., 2009 ) and by the duration or intensity of perinatal exposures (Brown et al., 2006) . Neonatal pain and tissue injury may be contributing factors, as increased neurodevelopmental impairment has been associated with a higher number of painful procedural interventions , the need for surgery during the initial hospitalization (Doyle, 2001) , and with surgical versus medical management of necrotizing enterocolitis (Rees et al., 2007; Schulzke et al., 2007) or patent ductus arteriosus (Kabra et al., 2007) . Despite confounding factors related to intercurrent disease or treatments, evidence that early experience influences pain in later life suggests a specific developmental plasticity in the nocioceptive system. Children who required neonatal intensive care have alterations in sensory function, which are more marked if experienced at an earlier gestational age (Hermann et al., 2006) , and if there is increased tissue injury related to surgery (Walker et al., 2009a) . Persistent alterations in pain-related behaviour (Grunau et al., 1994; Taddio et al., 1997; Grunau and Tu, 2007; Klein et al., 2009) and in perioperative analgesic requirements (Peters et al., 2005) have also been demonstrated in children with prior neonatal pain experience. Evaluating developmentally regulated effects of peripheral tissue injury and understanding the mechanisms that modulate long-term sensitivity, will allow us to better understand the contribution of early life experience to pain in adulthood.
Persistent alterations in pain sensitivity have been shown in a number of neonatal rodent-injury models, and vary depending on the type and severity of injury and the age at which it occurs (Fitzgerald and Walker, 2009 ). Hind-paw plantar incision of skin and underlying muscle is a well established and clinically relevant model of surgical injury and postoperative pain in adult rodents (Brennan et al., 1996 . This model also produces clear hyperalgesia at all post-natal ages. Although acute behavioural effects are more transient in younger pups (Ririe et al., 2003 (Ririe et al., , 2008 Walker et al., 2009b) , neonatal incision has additional persistent effects and enhances the hyperalgesic response to a subsequent incision 2 weeks later; an effect that is not seen after incision at older ages, and which is dependent on primary afferent activity (Walker et al., 2009b) . However, how long the priming effect of this neonatal injury persists, and if this has an impact on the degree and/or duration of sensitivity following painful injury in adulthood is not known.
One mechanism by which early life injury primes future pain sensitivity could be through neuroimmune interactions. In the cortex, reactive glial cells release pro-inflammatory mediators and increase neuronal excitability and seizure activity (Rodgers et al., 2009; Vezzani et al., 2011) . Similarly, in the dorsal horn of the spinal cord, interactions between neurons and glia play an important role in modulating sensitivity, particularly in persistent pain states (Beggs and Salter, 2010; Ren and Dubner, 2010; Tsuda et al., 2011) . Increased microglial reactivity is implicated in initiating chronic pain in animal models , and there is preliminary evidence of altered microglial reactivity in patients with chronic pain (Alexander et al., 2005; Del Valle et al., 2009; Ritz et al., 2011) . It has also been suggested that initiation of a positive feedback loop linking neuronal and microglial reactivity plays a key role in the transition from acute to chronic pain Kavelaars et al., 2011) , and thus may be a factor in the 10-50% of patients who develop persistent pain following common surgical operations (Kehlet et al., 2006) . In adult rats, hind-paw plantar incision causes an acute increase in microglial reactivity in the dorsal horn (Romero-Sandoval et al., 2008a) and inhibitors such as minocycline and fluoro-citrate can partially reverse the accompanying hyperalgesia (Obata et al., 2006; Ito et al., 2009) . While the degree of microglial response varies with age and type of injury Hathway et al., 2009) , it is not known if its magnitude or duration are affected by early life pain experience. As 'priming' or 'neonatal programming' of adult immune responses by early life immune stressors has been described (Boisse et al., 2004; Mouihate et al., 2010; Spencer et al., 2011) , and an early immune challenge can alter pain sensitivity in adulthood (Boisse et al., 2005) , we hypothesized that neuroimmune reactivity may be primed by nociceptive inputs in early life, and thus cause a lasting change in the pattern and intensity of pain responses in adulthood.
Materials and methods

Experimental animals
to their home cage as soon as possible and remaining sutures were removed after 5 days.
Plantar incision (IN) was performed in the same manner in adult rats (170-240 g) from three groups: (i) animals with prior neonatal incision (nIN-IN) ; (ii) littermates who had anaesthesia only at post-natal Day 3 (nAn-IN); and (iii) age-and gender-matched adults, all born and raised within the same colony and the same environment (IN) (Fig. 1 ). Animals were coded by an independent colleague after incision and the experimenter was blinded to the treatment group during behavioural or EMG testing. Behavioural testing
Mechanical withdrawal threshold and thermal withdrawal latency were measured from baseline and at regular intervals to 28 days following adult incision. Eight animals from both IN and nIN-IN groups were followed for 2 weeks to assess the degree of hyperalgesia, and four animals from each group were then followed for a further 2 weeks to assess the duration of hyperalgesia. Following habituation on an elevated mesh platform, a mechanical stimulus (electronic von Frey device; Dynamic Plantar Aesthesiometer, Ugo Basile) was applied to the plantar surface of the hindpaw adjacent to the distal half of the incision. A linear increase in force was applied with a ramp of 20 g/s and maximum of 50 g until a withdrawal reflex was evoked, and the threshold was defined as the mean of three measures. For thermal assessment, animals were habituated in individual Plexiglas cubicles on a glass surface. The time (s) for hind-limb withdrawal from a radiant heat stimulus directed at the mid-plantar surface of the hindpaw was measured and the thermal latency calculated as the mean of three such measures (Plantar Test Analgesia Meter, Harvard Apparatus) (Hargreaves et al., 1988) .
Electromyography recordings
Flexor reflex EMG recordings were performed in the three groups of adult animals 24 h after plantar skin incision (nAN-IN, n = 6; IN, n = 6; nIN-IN, n = 12) and compared with measures in non-injured age-matched controls (n = 12). Control non-incised animals were utilized for all subsequent experimental comparisons (n = 6-8 per group).
To assess the duration of hyperalgesia, recordings were also performed 1, 2 and 4 weeks following incision in both IN and nIN-IN animals (n = 4-6 per group). EMG recordings from the biceps femoris muscle were performed as previously described (Walker et al., 2007 (Walker et al., , 2009b . In brief, animals were anaesthetized with halothane (2-4%) in oxygen and a tracheal tube was inserted to allow mechanical ventilation (Small Animal Ventilator, Harvard Apparatus Ltd). Halothane was reduced to 0.9% in oxygen for 30 min to ensure equilibration to a stable plane of anaesthesia, and maintained at this level during EMG recordings. Animals were placed in a spinal frame with the left hind paw secured on a fixed platform. Heart rate was continuously monitored and body temperature was monitored with a rectal probe and maintained with a thermostatically controlled heat source. Bipolar EMG electrodes (Ainsworks) comprising stainless steel 30-gauge needles with a central copper wire core were placed through a small skin incision into the belly of the biceps femoris muscle. Von Frey hairs were applied to the plantar surface of the hindpaw for 1 s and the EMG response to the mechanical stimulus was processed (Neurolog, Digitimer) and recorded in 12-s epochs (PowerLab 4S, AD Instruments). Von Frey hairs with logarithmically increasing bending force from 13 to a maximum of 120 g (von Frey hair number [14] [15] [16] [17] [18] [19] [20] were sequentially applied to the hindpaw, with at least 60 s between stimuli, to determine the threshold for evoking an EMG response and to quantify the response to suprathreshold stimuli (Fig. 3A) .
Immunostaining
Four animals per intervention group were terminally anaesthetized with intraperitoneal pentobarbitone (100 mg/kg) and transcardially perfused with heparinized saline followed by 4% paraformaldehyde for immunohistochemical detection of microglia as previously described . Briefly, L4 and L5 spinal segments were identified, removed and post-fixed in 10% formalin overnight at 4 C. Following cryoprotection in 30% sucrose, the cords were cut into 40 -mm free-floating sections and washed in phosphate-buffered saline prior to and between subsequent steps. Tissue was blocked for 1 h at room temperature (10% normal donkey serum and 0.3% Triton in phosphate-buffered saline), incubated in rabbit anti-Iba1 antibody (1:2000 Wako) in phosphate-buffered saline with 3% normal donkey serum and 0.3% Triton for 48 h at 4 C, followed by Cy3 donkey anti-rabbit secondary (1:1000 Jackson ImmunoResearch Laboratories) for 3 h at room temperature. FITC-labelled IB4 (1:1000 Sigma-Aldrich) was also added to identify the central terminals of non-peptidergic primary afferents. Finally, sections were mounted on silane-coated slides (Sigma-Aldrich), allowed to dry and coverslipped with Gelmount (Sigma-Aldrich).
Spinal cord sections were imaged using a Zeiss confocal microscope and grey scales adjusted using Adobe CS5 software. Data from several sections were grouped to give a mean value for each animal. The intensity of immunofluorescence in the same size region of interest within the medial dorsal horn was quantified by integrated pixel density generated from high power confocal micrographs. This analysis was utilized for comparison of baseline values in non-incised controls (control), adults with neonatal incision only (nIN) and 3 days following incision in adults with (nIN-IN) and without (IN) neonatal incision; and also for comparison of nIN-IN animals 24 h following intrathecal artificial CSF or minocycline. In addition, comparisons between nIN-IN and IN groups were performed 1, 2 and 4 weeks following incision. To assess the spatial distribution of increased Iba1 immunoreactivity, the area of microglial proliferation in the spinal dorsal horn was quantified using Volocity software (Improvision, PerkinElmer). Proliferative areas were defined as containing more than twice the density of microglia than the equivalent contralateral region.
Minocycline administration
Minocycline was administered during brief anaesthesia with isoflurane 2-4% in oxygen (via a nose cone) in doses and by routes previously shown to produce acute anti-hyperalgesic effects (Hua et al., 2005; Bastos et al., 2007) . For intrathecal injections, the lumbar spinous processes were visualized through a small skin incision, and a 30-gauge needle was passed in the midline through the L4/5 or L5/ 6 intervertebral space. Minocycline was diluted in artificial CSF to a concentration of 2 mg/ml and animals received 0.35 mg/kg (i.e. 70 mg in 35 ml for 200 g rat) 30 min prior to plantar incision and 0.18 mg/kg prior to EMG recording 24 h later (IN, n = 6; nIN-IN, n = 8). Controls received equivalent volumes of intrathecal artificial CSF (IN, n = 6, nIN-IN, n = 7). Spinal cords were removed from four animals from the nIN-IN minocycline and nIN-IN artificial CSF groups for Iba1 immunohistochemistry.
Injections of minocycline (intraperitoneal; IN, n = 6; nIN-IN, n = 8) or saline (IN, n = 8, nIN-IN, n = 6) were delivered into the lower left abdominal quadrant. Minocycline was diluted to 25 mg/ml in sterile saline and animals received 100 mg/kg 1 h before incision and 50 mg/ kg 1 h prior to EMG recording the following day. To confirm that minocycline alone did not alter reflex function, EMG measures were also performed in non-incised controls at the same time point following the same schedule of intraperitoneal minocycline dosing or intraperitoneal saline (n = 6 per group).
Electrical stimulation of the tibial nerve
Adult rats with or without prior incision at post-natal Day 3 were anaesthetized with isoflurane 2-4% in oxygen and an incision was made in the mid-thigh to expose the sciatic nerve trifurcation. The tibial branch was dissected free of surrounding connective tissue and elevated without stretch on two silver wire electrodes. Trains of electrical stimuli (500 ms, 10 mA at 10 Hz) were delivered for 5 min to recruit C-fibres in addition to A-and A-fibres (nIN-STIM, n = 8; STIM, n = 8; Fig. 6A ). Stimulating the sciatic nerve with this protocol has previously been shown to increase microglial reactivity 48 h later in the dorsal horn, without producing peripheral nerve damage, whereas stimuli that activate only A-and A-fibres do not significantly increase Iba1 immunoreactivity (Hathway et al., 2009) . In sham control animals from both nIN and adult naïve groups (n = 3 per group), the tibial nerve was exposed and placed on the electrodes but the nerve was not electrically stimulated. Wounds were closed with 5/0 Mersilk (Ethicon). Mechanical withdrawal threshold was measured prior to and 24-and 48 h following stimulation, and animals were terminally anaesthetized at 24 (STIM and nIN-STIM, n = 4 per group) or 48 h (STIM and nIN-STIM, n = 4 per group) for immunohistochemistry.
Statistics
Group results are illustrated as means AE SEM. Behavioural data were tested for normality (D'Agostino and Pearson omnibus normality test) and analysed with parametric statistics. Groups were compared using Student's t-test or by ANOVA (Prism Version 5.0 GraphPad). As neonatal injury produces generalized baseline hypoalgesia (Ren et al., 2004) , behavioural changes were analysed as the percentage change from baseline to allow each animal to act as its own control. Withingroup changes in the duration of hyperalgesia were analysed by one-way repeated measures ANOVA with Dunnett's multiple comparison with baseline. Two-way repeated measures ANOVA and Bonferroni post hoc tests were used to compare the degree of hyperalgesia in IN versus nIN-IN groups, and in male versus female rats. To compare the overall behavioural response in the 2 weeks following incision, the percentage reduction from baseline mechanical withdrawal threshold or thermal latency was plotted against time and the hyperalgesic index (Hua et al., 2005) for each animal was calculated as the area over the curve from 0 to 14 days; such that a larger area over the curve represents a greater change from baseline and greater degree of hyperalgesia.
The duration of the EMG response was outlined from the display of the raw data and the integral of the root mean square of the signal was calculated (EMG response) (Chart, Powerlab AD Instruments). The EMG response was plotted against the von Frey hair number (mechanical stimulus) and the area under the stimulus-response curve calculated to quantify the overall 'reflex response' (Walker et al., 2007; Fig. 3A) . Results were compared with Student's t-test or one-way ANOVA and post hoc comparisons depending on the number of experimental groups (Prism Version 5.0 GraphPad). P 5 0.05 was considered statistically significant.
Results
Early life surgical injury predisposes to persistent allodynia and hyperalgesia in adulthood
Changes in the degree of behavioural hyperalgesia for 2 weeks following adult incision (IN, n = 8) were compared with animals that also had a priming injury in the neonatal period (nIN-IN, n = 8) (Fig. 2 ). There was a main effect of treatment (nIN-IN Figure 2 Behavioural allodynia following injury in primed (nIN-IN) and non-primed (IN) adult animals. Ipsilateral hind-limb mechanical withdrawal thresholds (A) and thermal withdrawal latencies (B) are expressed as percentage change from baseline for 4 weeks following injury. Bars = mean AE SEM; n = 8 per group, 0-14 days; n = 4 per group, 18-28 days; and *P 5 0.05, § P 5 0.01 and # P 4 0.001, one-way repeated measures ANOVA with Dunnett's comparison with baseline; n = 4 per group, 0-28 days. The mechanical (C) and thermal (D) hyperalgesic index (area over the mechanical threshold or thermal latency curve for each animal for 14 days; area over the curve, 0-14 days) was also increased by neonatal priming. Bars = mean AE SEM; n = 8 per group; and *P 5 0.05 and **P 5 0.01, unpaired two-tailed Student's t-test. (Hua et al., 2005) , analysed as the area over the curve of the behavioural change for 2 weeks following incision, were significantly greater in neonatally primed adults (nIN-IN 4 IN, P 5 0.05; Fig. 2C and D) . The duration of mechanical and thermal hyperalgesia was also increased in animals primed by neonatal injury. The threshold for withdrawal from the electronic von Frey mechanical stimulus was reduced below baseline for 10 days following adult incision (IN versus baseline, P 5 0.001 to P 5 0.05 at different times, one-way repeated measures ANOVA; n = 4 per group, 0-28 days; Fig. 2A ). However, in animals primed by prior incision at post-natal Day 3, significant reductions in threshold persisted until 18 days (nIN-IN versus baseline; P 5 0.001 to P 5 0.05 at different times, one-way repeated measures ANOVA; n = 4 per group, 0-28 days; Fig. 2A ). Effects were not modality specific, as significant decreases in thermal latency were also more persistent following neonatal incision (nIN-IN versus IN: 7 versus 5 days, Fig. 2B ).
As susceptibility to long-term effects of neonatal injury may differ according to gender (LaPrairie and Murphy, 2010), subgroup analyses of behavioural changes in male and female rats were also performed (n = 4 per group). Enhanced mechanical hyperalgesic responses were evident in both males and females with prior neonatal injury. In animals with or without prior neonatal injury, there was no significant main effect of gender on mechanical threshold 
Early life surgical injury increases hyperalgesic responses to suprathreshold painful stimuli
To assess spinal nocioceptive reflex excitability, hind-limb flexion EMG activity in response to threshold and suprathreshold mechanical stimuli was recorded under light anaesthesia. Reflex sensitivity was calculated as the area under the mechanical stimulus versus EMG response curve (Fig. 3A) . The brief period of maternal separation, handling and neonatal anaesthesia on post-natal Day 3 had no effect on the response to adult incision, as EMG responses did not differ between littermate nAN-IN and IN groups (n = 6 per group, not significant, Fig. 3B ). As a result, age-and sex-matched adults from the same colony were used in all other IN and control groups. Twenty-four hours following adult injury, reflex sensitivity was increased (control versus nAN-IN plus IN, P 5 0.01, unpaired two-way Student's t-test). The degree of hyperalgesia was greater in neonatally primed adults (nIN-IN 4 IN and nIN-IN 4 nAN-IN , P 5 0.01; Fig. 3B ).
The duration of nociceptive reflex sensitization was prolonged by neonatal priming, as the flexion reflex EMG response to hind-paw mechanical stimulation remained higher than baseline at 1 (P 5 0.01) and 2 weeks (P 5 0.05), but had returned to control non-incised values by 4 weeks following incision (Fig. 3C) .
Neonatal priming enhances injury-induced microglial reactivity in the adult dorsal horn Neonatal priming altered the time course, degree and spatial distribution of the spinal microglial response to adult injury. Neonatal incision did not alter the baseline intensity of Iba1 immunoreactivity in the medial dorsal horn in adulthood [ Fig. 4A(i) and (ii) , not significant, control versus nIN; Fig. 4B ], but had a significant effect on the microglial response to adult injury. In neonatally primed animals, an increased intensity of Iba1 immunofluorescence in the medial dorsal horn was apparent 24 h after incision; Fig.  4A(v) . By 3 days, the intensity of Iba1 immunofluorescence was increased in both incision groups (control versus IN, P 5 0.05; control versus nIN-IN, P 5 0.01), but the degree of change was greater in the neonatally primed group (nIN-IN versus IN P 5 0.05, Fig. 4B ).
In addition, the spatial distribution or area of increased proliferative change (defined as the dorsal horn area containing more than twice the density of microglia than the equivalent contralateral region) was compared 7, 14 and 28 days following incision (Fig. 4C) . The area of enhanced microglial reactivity was significantly increased above baseline at 7 but not 14 days following adult incision (Fig. 4D ). In parallel with the extended duration of behavioural hyperalgesia in the neonatally primed group, microglial hyper-reactivity was increased until 14 days, and was distributed over a greater area at both 7 and 14 days (P 5 0.001 nIN-IN versus IN; Fig. 4D ). By 28 days, proliferative changes had resolved in both groups, as no significant differences in Iba1 immunoreactivity between the ipsilateral and contralateral dorsal horns were present (area = 0, Fig. 4D ).
In neonatally primed animals, the enhanced behavioural and microglial responses are selectively prevented by intrathecal minocycline
To assess the contribution of microglial reactivity to neonatal priming, the non-specific microglial inhibitor minocycline was administered 1 h prior to adult incision and prior to EMG recording 24 h later. Intrathecal minocycline selectively prevented hyperalgesia in the neonatally primed group (nIN-IN minocycline versus nIN-IN artificial CSF, P 5 0.01, Fig. 5A ), but had no effect on adult injury alone (IN minocycline versus IN artificial CSF, not significant, In contrast, intraperitoneal minocycline, which has additional peripheral anti-inflammatory actions, reduced hyperalgesia in both groups (nIN-IN minocycline versus nIN-IN saline, P 5 0.001; IN minocycline versus IN saline, P 5 0.05; Fig. 5B ). In additional control experiments, we confirmed that intraperitoneal minocycline had no non-specific effect on reflex sensitivity, as EMG measures did not differ between non-incised animals receiving intraperitoneal minocyline (doses as above) or intraperitoneal saline (unpaired two-tailed t-test P = 0.48; data not shown).
Vehicle controls for both routes of administration again showed the priming effect of neonatal injury (nIN 4 IN in artificial CSF and saline groups, P 5 0.01; Fig. 5A and B, respectively).
Neonatal priming effects are also revealed by electrical stimulation of the tibial nerve
The evidence suggests that neonatal priming is maintained centrally and involves microglial reactivity. If this is the case, the 'primed' central circuit will show enhanced sensitivity in response to the same level of afferent input. Therefore, in adults with and without neonatal incision (nIN-STIM versus STIM; Fig. 6A ) effects of tibial nerve stimulation on behavioural hyperalgesia and Iba-1 immunoreactivity in the medial and lateral superficial dorsal horn (Fig. 6B) were compared. In adult animals, mechanical thresholds were reduced following electrical stimulation (STIM 43 AE 1 g at baseline, 35 AE 3.8 g at 48 h), whereas thresholds in the neonatally primed group were significantly reduced below baseline at both 24 and 48 h (nIN-STIM 46 AE 2.4 g versus 26 AE 3.3 g versus 24 AE 4.3 g; P 5 0.01; Fig. 6C ).
Tibial nerve afferents terminate in the medial dorsal horn. When compared with the contralateral side, a small increase in microglial reactivity in this region was apparent 48 h following electrical stimulation in adult animals [ Fig. 6D(iii) and E]. In neonatally primed adults, increased microglial reactivity was apparent from 24 h [ Fig. 6D (ii)] and was more widely distributed at both 24 and 48 h (nIN-STM 4 STIM P 5 0.001; Fig. 6E ).
Afferents from the mid-thigh incision required to expose the tibial nerve project to a somatotopically distinct region in the lateral dorsal horn (Fig. 6B) . As reported previously (Hathway et al., 2009) increased microglial reactivity in the lateral dorsal horn was apparent 48 h following adult incision in both sham (data not shown) and electrical stimulation groups [ Fig. 6D(iii) ]. In animals with primed central responses (nIN-STIM), increased microglial reactivity occurred earlier (at 24 h) and covered a greater area than the STIM group at both 24 and 48 h (nIN-STIM 4 STIM, P 5 0.05 at 24 h and P 5 0.01 at 48 h; Fig. 6F ). 
Discussion
Here, we show that neonatal injury primes the spinal neuroimmune response, amplifying spinal nociceptive reflex and microglial reactivity to a subsequent noxious input. We have previously shown that incision during the first post-natal week, but not at older ages, enhances the response to subsequent injury 2 weeks later (Walker et al., 2009b) . The current results make the key point that the impact of neonatal injury persists, so that both the degree and duration of injury-induced hyperalgesia are still increased in adulthood. These functional changes are mirrored by alterations in the time course and degree of microglial reactivity in the dorsal horn, and are selectively reversed by intrathecal minocycline. While this priming effect is clearly revealed following tissue re-injury, enhanced behavioural and microglial responses can also be demonstrated following direct electrical stimulation of the tibial nerve, which bypasses peripheral nociceptors. These results indicate that the primed state does not arise from altered peripheral terminals or the local tissue environment but rather from centrally mediated changes in dorsal horn sensitivity or connectivity. Thus, the persistent effects of neonatal injury upon adult pain sensitivity are maintained by central mechanisms at least at the level of the spinal cord. Pain and injury in early life can produce developmentally regulated effects not seen after the same insult at older ages, and result in persistent changes in nociceptive pathways (Fitzgerald and Walker, 2009 ). Neonatal skin wounds produce peripheral hyperinnervation (Reynolds and Fitzgerald, 1995; Moss et al., 2005), and long-term increases in dorsal horn neuron receptive field size (Torsney and Fitzgerald, 2003) . Neonatal inflammation increases the degree of hyperalgesia and neuronal activation in the spinal cord following re-inflammation, incision or capsaicin application in adulthood (Tachibana et al., 2001; Hohmann et al., 2005; Chu et al., 2007) , but there is some variability in the chronicity of the initial insult used in these studies (Walker et al., 2003) . Furthermore, prolonged maternal separation and repeated handling in the neonatal period (paradigms including up to 3 h of separation daily for 10-14 days) can impact on brain development and the behavioural response to stressors in later life (Kappeler and Meaney, 2010; Korosi and Baram, 2010; Meaney, 2010) . This was controlled for in the present study by confirming that incision-related reflex sensitivity in adulthood did not differ between littermates that underwent brief handling and anaesthesia on post-natal Day 3 and age-matched adults bred and raised in the same colony. The impact of gender on long-term changes following neonatal injury continues to be debated (LaPrairie and Murphy, 2010), but in this study, neonatal priming responses were not gender-dependent, and as shown previously in adult mice ( Banik et al., 2006) , plantar incision reliably produced hyperalgesia in both male and female adult rats. A key to the priming observed here could have been the nature of the initial priming injury. Hind-paw incision, an established and clinically relevant model of surgical injury , damages skin and muscle, induces a local inflammatory response and injures small peripheral nerves; all of which may contribute to the effect. Clinically, as many as 10-50% of patients develop persistent pain states following surgical injury, and identifying patients at risk may improve preventive treatment strategies (Brennan and Kehlet, 2005; Kehlet et al., 2006; Macrae, 2008) . The priming effect was tested by injury or peripheral nerve stimulation in the same lumbar spinal segments and it remains to be investigated whether such priming has a more generalized effect. Nevertheless, the finding that neonatal injury increases both the degree and duration of hyperalgesia in adulthood, suggests that it may be predictive of increased pain response in later life.
Dynamic interactions between neurons and glia drive the central response to injury. Throughout the CNS, microglia shift from a surveillant state to become effector microglia (Ransohoff and Perry, 2009) , with an increased production and release of cytokine and chemokine mediators, upregulation of receptors and morphological changes. Similarly, in the spinal cord, a pain-related enhanced response phenotype of microglia has been well described (Clark et al., 2007; Romero-Sandoval et al., 2008b; Milligan and Watkins, 2009; Beggs and Salter, 2010) . As seen here, plantar incision in adult animals produces somatotopically relevant microglial proliferation in the superficial dorsal horn at 3 days (Obata et al., 2006; Wen et al., 2009) . We have now shown that the degree, distribution and time course of injury-induced microglial proliferation in the dorsal horn were enhanced by prior neonatal incision. These long-term effects were not dependent on peripheral re-injury and extended beyond the dermatomal boundary of the initial incision. Electrical stimulation of the tibial nerve, which includes hind-paw afferents, produced a microglial response in the medial dorsal horn, whereas the mid-thigh incision required to expose the nerve altered microglial reactivity in the lateral dorsal horn (Hathway et al., 2009) . In both regions, the onset of these responses was more rapid and distribution more widespread in neonatally primed animals. Therefore, rather than being reliant on increased afferent input from the peripheral tissue, the locus of neonatal priming is expressed centrally. Whether this is primarily an alteration specifically in microglial responsivity or in upstream neuroimmune signalling remains to be investigated. It would be useful to confirm that the observed increase in Iba1 immunoreactivity is associated with changes in dorsal horn molecules more directly related to pain modulation, such as increased p38 MAPK activation and increased interleukin 6 messenger RNA expression, as previously shown following plantar incision (Wen et al., 2009) and electrical stimulation (Hathway et al., 2009) , respectively. Further experiments will establish the impact of neonatal priming on both the degree and time course of expression of neuroglial modulators of pain sensitivity, and the extent to which the enhanced hyperalgesia is modified by inhibitors of upstream signalling.
It is well established that microglia modulate the response to subsequent injury in the adult CNS. This microglial priming has been described in a number of neurodegenerative and neuroinflammatory diseases, resulting in a greater response (change in morphology, increased cytokine synthesis and increased behavioural response) or more rapid disease progression following exposure to a subsequent systemic inflammatory challenge (Ransohoff and Perry, 2009) . Whether primed microglia have persistent changes in morphology and/or function, and the degree to which these changes are evident prior to a subsequent insult, continues to be debated (Moisse et al., 2008; Bland et al., 2010; Perry, 2010) . Acute priming of spinal microglia with intrathecal lipopolysaccharide increases ATP-induced release of interleukin-1b 24 h later and phosphorylated p38 MAPK expression in microglia (Clark et al., 2010) . Lipopolysaccharide induced a greater degree of hyperalgesia 2 weeks following priming by laparotomy, when microglia were still in a state of enhanced reactivity (Hains et al., 2010) . In contrast, in the current study, 8 weeks since the neonatal priming injury, microglia were in an apparent quiescent phenotype, as assessed by Iba1 immunoreactivity. Yet, these animals showed markedly enhanced responses to subsequent noxious stimuli in adulthood.
As microglia are long-lived cells and can retain an innate immune memory (Perry, 2004 (Perry, , 2010 Town et al., 2005) , they are well suited to a role in persistent alterations. Microglial cells colonize the developing nervous system pre-natally, and age-related changes in morphology are not seen until late adulthood (Streit and Xue, 2009 ). The turnover time of microglia in the rodent brain is slow, however, estimated at 4 2 years (Lawson et al., 1992) , and the ability of some microglia to remain 'experienced' may underlie the ability to respond differently when challenged again (Kettenmann et al., 2011) . Lipopolysaccharide in the first post-natal week increased the behavioural and microglial response to a subsequent immune challenge in adulthood (Bland et al., 2010) . Susceptibility to priming effects may be greater in early life, as effects were more marked following initial lipopolysaccharide administration at post-natal Day 4 than at post-natal Day 30 (Bilbo et al., 2006) . Changes in spinal cord signalling and somatosensory function have also been initiated by early systemic immune challenges, as lipopolysaccharide at post-natal Day 14 increased hind-limb reflex sensitivity to mechanical and thermal stimuli in adulthood (Boisse et al., 2005) . These developmentally regulated effects have parallels with those following incision injuries. Incision in the first post-natal week, but not at older ages, increases hyperalgesia following subsequent incision indicative of a critical period of post-natal susceptibility for priming in this injury model (Walker et al., 2009b) .
Long-term priming effects of systemically administered immune challenges, such as intraperitoneal lipopolysaccharide, involve signalling by humoral (circulating cytokines) and/or autonomic mechanisms (Bilbo et al., 2008; Bland et al., 2010) . Here, a peripheral and localized injury is the priming stimulus and the primed hyperalgesia presents unilaterally, suggesting that neural activity has a significant role. Microglia respond to alterations in synaptic activity, and increased Iba1 immunoreactivity in the contralateral ventral horn following middle cerebral artery occlusion is postulated to be due to glutamate release from the descending corticospinal tract (Moisse et al., 2008) . Similarly, afferent activity in nociceptive neurons induces microglial reactivity in the dorsal horn . Primary afferent activity has an important role in the initiation of the priming effect described here, as sciatic nerve blockade at the time of neonatal incision prevented the enhanced response to subsequent incision (Walker et al., 2009b) . Although ongoing afferent activity is unlikely to be required to maintain hyperalgesia, it is able to reveal the priming effect in adulthood, as hyperalgesia and microglial reactivity are increased and more persistent following brief electrical stimulation of the tibial nerve.
In addition to its anti-microbial action, the tetracycline minocycline non-selectively inhibits microglia and has neuroprotective effects in models of cerebral injury (Plane et al., 2010) . Minocycline inhibits both the morphological changes and the functional release of cytokines associated with increased microglial reactivity (Lai and Todd, 2006) . Dose-dependent anti-hyperalgesic effects of minocycline have previously been demonstrated following hind-paw formalin injection and inflammation (Hua et al., 2005; Bastos et al., 2007) . Similarly, we found that intraperitoneal minocycline, in doses sufficient to produce peripheral anti-inflammatory effects, had no effect on basal pain sensitivity but reversed the hyperalgesia produced by adult incision, independent of prior injury. In the spinal cord, intrathecal minocycline prevents changes in OX-42 immunolabelling and reduces the cytokine response produced by immune challenges with intrathecal injection of HIV-1 gp120 (Ledeboer et al., 2005) or lipopolysaccharide (Saito et al., 2010) . Therefore, we also administered minocycline intrathecally, to more selectively target spinal microglial reactivity. Low dose intrathecal minocycline prevented the increased Iba1 immunoreactivity in the dorsal horn and reduced hyperalgesia only in animals with prior neonatal injury. This suggests that central microglial activation plays a greater role in early hyperalgesia in animals with primed central neuroimmune pathways.
Conclusion
Neonatal injury is associated with an enhanced neuroimmune response to subsequent noxious stimuli that persists into adulthood. Clinically, neonatal surgery and intensive care have been associated with long-term changes in neurodevelopmental outcomes (Johnson et al., 2009) , including alterations in sensory processing and the response to future pain (Hermann et al., 2006; Walker et al., 2009a) . Repeated surgery and anaesthesia throughout childhood and later life is not uncommon (Wilder et al., 2009; van der Griend et al., 2011) , particularly in those with complications of preterm birth or congenital anomalies requiring early intervention. Neonatal surgery has been associated with an increase in stress response, pain and perioperative analgesic requirements following subsequent surgery in infancy (Peters et al., 2005) . Our results suggest that early life experience may also have a longer term impact and be predictive of enhanced pain responses to future injury. Modulation of neuroimmune interactions may represent a potential therapeutic option. The neuroprotective effects of minocycline have been assessed in clinical trials, but there is currently insufficient evidence to confirm safety, efficacy and the appropriate timing and dosage in different conditions (Plane et al., 2010) . Similarly, the relative risks and benefits of modulating microglial activity to control pain have not been fully evaluated (Romero-Sandoval et al., 2008b) . However, the current data suggest that if neuroimmune pathways have been primed by prior experience, targeting these mechanisms may be of particular significance for minimizing persistent pain in later life.
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